Abstract. Nucleon-induced inclusive reactions at incident energies in the 100 to 200 MeV range, in which light composite particles are emitted, are of special interest. For emission of α-particles into the continuum, it appears that the yield is enhanced towards lower outgoing energies of the ejectile compared with the value predicted by a multistep model. We postulate that a simple reaction mechanism, such as sequential decay from inelastic excitation, should be investigated more carefully as a possible explanation of the observed phenomenon. The motivation for this is that the suggested mechanism is a process which is observed in several (p, pα) knockout studies.
Introduction
The development of the exciton model of Griffin [1] represented a tremendous breakthrough in our appreciation of the physics mechanisms at play in the nuclear reactions leading to particle emission into the continuum. Further major developments were quantum mechanical formulations, first by Feshbach, Kerman and Koonin (FKK) [2] , followed by Tamura, Udagawa and Lenske (TUL) [3] , as well as Nishoika, Weidenmüller and Yoshida (NWY) [4] . These ideas were tested extensively, and they proved to be extremely valuable [5] to interpret experimental data -especially nucleon-induced nucleon emission at incident energies above 100 MeV.
Koning and Akkermans [6] investigated the theoretical relationships between the FKK, TUL and NWY models, and followed this up with a numerical study of the predictions of the model [7] . Although quantum mechanical formulations are very attractive from a theoretical point of view, application in terms of an extended version of the exciton model [8] remains attractive.
The code of Koning et al. [8, 9] to calculate cross section distributions for nucleon-induced reactions for a comprehensive range of target masses and a wide range of incident energies, proves to be invaluable. Based on the two-component exciton model for nucleon emission, supplemented by an implementation of the principle of Kalbach systematics [10] for composite-particle emission, a remarkably successful reproduction of an extensive set of experimental distributions is achieved [8] . Therefore, with full justification it could be claimed that our understanding of pre-equilibrium reaction has reached a remarkably high degree of maturity. However, as I have pointed out recently [11] , a number of inconsistencies are encountered in a e-mail: aac@sun.ac.za our attempts to describe especially inclusive (p, αx) reactions. Although many reasonably valid theoretical attempts to describe the experimental data share a basic intranuclear multistep interpretation, disconcerting differences in the specific reaction mechanism, that eventually lead to composite particle emission, emerges from a multitude of studies.
In this paper I will expand on those ideas presented at a recent international scientific meeting [11] . The basic contention is that perhaps sequential decay, after inelastic excitation, should be explored in order to explain the yield of α-particles in proton-induced pre-equilibrium reactions. Although experimental evidence is somewhat sparse at present, this presentation could serve as an incentive for further investigation.
Some general features of pre-equilibrium distributions
A known feature of nucleon-induced pre-equilibrium cross section distributions, which complicates theoretical interpretation, is that in the region of interest to the present paper, they change rather slowly as a function of incident energy and target mass. Therefore, with a complicated reaction mechanism which embraces many reaction components, in combination with poor information of intermediate reaction products that lead to the observed particle emission, an understanding of the complete reaction mechanism is difficult. As mentioned by Koning et al. [8] , their two-component exciton treatment contains many ingredients which can not be verified independently. Unfortunately the result is that a deficiency in one part of the model could be compensated with an unrelated aspect of the theory. [13] at an incident energy of 175 MeV for both reactions. The data of Ref. [12] is shown as a curve drawn through those experimental points. For clarity of presentation, error bars, which are small anyway, are not shown. Data at the two indicated scattering angles are displayed.
A very interesting property of particle emission in nucleon-induced pre-equilibrium reactions is that experimental results appear to scale with incident energy and target species in a relatively simple way, which is much less sensitive to details of the nuclear system than theory would suggest. This property could perhaps provide guidance to the correct theoretical interpretation of the reaction mechanism.
For example, in figure 1 an experimental emission energy distribution for the reaction 58 Ni(p, px) [12] is compared with results for the reaction nat Fe(n, px) at the same incident energy of 175 MeV [13] . Data at two scattering angles, which are the same for both reactions are shown. The correspondence between these two data sets is remarkable, especially if we keep in mind that measurements with neutrons as projectiles present severe experimental challenges which could compromise the quality of the data [14] unless extreme care is taken. The similarity between the two sets clearly indicates that protons and neutrons react in the same way to a target nucleus, with the specific nuclear species not making a noticeable difference.
Another comparison, this time of the two reactions 59 Co(p, 3 Hex) [15] and nat Fe(n, 3 Hex) [13] are shown in figure 2. However, in this case not only are the targets and projectiles different, but the incident energy is 160 MeV for the proton-induced reaction and 175 MeV for the neutron projectile. By plotting results as a ratio of emission to incident energy, and so introduce a simple correction for the different incident energies at which the two reactions were measured, we again get excellent agreement between the two sets of data.
Lastly, in figure 3 , the reactions 59 Co(p, αx) at an incident energy of 160 MeV [17] and 58 Ni(p, αx) [16] at 175 MeV are compared. Again there is a need to plot the cross sections as a function of the ratio of emission energy to incident energy.
Due to the widespread observed insensitivity to some details of the specific inclusive reaction, of which the quoted cases are just some examples, we assume in this paper that an effect observed for one, or a only a few target nuclei is representative of a far wider range. Incident energy dependence, relative to emission energy variation, is assumed to scale as a simple ratio as found in the examples. 59 Co(p,αx) reaction (those are smaller or comparable to the symbols anyway). To correct for the difference in incident energy, results are displayed as a function of the ratio of emitted α-particle energy to the incident energy of the projectile.
Theoretical treatment of proton-induced α-particle emission
In figure 4 the experimental 59 Co(p, αx) double differential cross section emission energy distribution at an incident energy of 160 MeV and a scattering angle of 20 degrees [17] is compared with theoretical predictions by Cowley et al. [17] and Bevilaqua [13] . In both predictions the NN multistep part of the reaction mechanism was treated in a roughly equivalent way, although Ref. [13] used the programme TALYS [9] with its exciton-based formulation, and Ref. [17] employed a calculation traceable to FKK analyses of (p, px) studies in the appropriate incident energy and target mass range.
A major conceptual difference in the two theoretical analyses is the treatment of the final step of the compositeparticle production. The TALYS analysis suggests that, from the available options in the code, a purely pickup process should be selected for the final production of the ejectile. On the other hand, the calculation of Cowley et al. assumes a knockout reaction mechanism. Irrespective of this crucial difference in mechanism, both predictions clearly fail at an α-particle emission energy lower that about 100 MeV. Furthermore, a combination of pickup and knockout would not address the deficiency.
Although the underestimation of the yield towards lower α-particle emission energies is displayed at only one scattering angle in figure 4 , the phenomenon appears to apply to all scattering angle. This is shown in figure 5 at two emission energies for the same reaction as in figure  4 , namely 59 Co(p, αx) at an incident energy of 160 MeV. Whereas good agreement between theoretical prediction and experimental yield is found at an emission energy of 120 MeV, a difference of an order of magnitude is observed over the whole angular range at an outgoing energy of 70 MeV. It should be mentioned that in the analysis of Cowley et al. [17] the theory is normalized at high emission energies, but based on sound theoretical arguments related to details of the calculations, this should be a correct procedure.
The interesting feature of figure 4 is that two contradictory analysis of the same data set display the same qualitative underestimation at low α-particle emission energies.
Possible reaction mechanisms to explain the low yield of emitted α-particles
We will assume that the phenomenon that we discussed in the previous section is not due to an inadequacy of the theoretical formulations, or their implementation, but rather a missing part of the reaction mechanism that drives protoninduced α-particle emission in pre-equilibrium emission. However, note that some theoretical approaches do not seem to suffer from the same problem (see e.g. Ref. [18] ).
Another interpretation is that, in addition to the normal multistep component, the additional yield in α-particle emission is greatly determined by a fragmentation mechanism of the target [16] . In this model, during the cascade phase from which emission also occurs, the excess of α-particles mainly comes from a fast-moving source from breakup of the target, which co-exists with a slow-moving source and a fireball. Although the ideas appear to be consistent with studies [19, 20] at incident energies in the GeV range, it is difficult to see how these mechanisms could extrapolate seamlessly down to about 100 MeV. Furthermore, these alternative and supplementary treatments have not been tested to the same extent as, for example, predictions of TALYS [9] .
A simple inelastic mechanism for the enhanced α-particle yield in proton-induced inclusive reactions is proposed. We suggest that one should explore a source of α-particle emission that is observed prominently in exclusive (p, pα) knockout studies [21] [22] [23] [24] . In those studies it is observed that low-lying states in the target system, which undergo sequential α-particle decay, are inelastically excited. Although explicit calculations are difficult at this stage, additional experiments that should enable quantitative cross section calculations to be performed, will be suggested. Note that the virtue of the proposed experiments and analysis does not depend on whether either a knockout or a nucleon transfer process drives the α-particle emission at higher energies. In the following section evidence, which serves as justification for the hypothesis, is presented.
Distributions in exclusive (p, pα) reactions
As was already mentioned, a reason for the observed discrepancy between theory and experimental data of inclusive (p, αx) towards low α-particle emission energy is suggested by features seen in several (p, pα) knockout studies. Knockout reactions are understood well and the DWIA re- Co(p, αx) reaction at an incident energy of 160 MeV at two emission energies as indicated in the figure. The curves are preequilibrium calculations in which knockout in the final step is assumed. All results are adopted from the paper of Cowley et al. [17] .
produces features of experimental distributions very well (see e.g. [21] [22] [23] [24] ). The kinematic geometry that is mostly investigated, is a quasifree arrangement in which the scattering angles are selected to be coplanar on opposite sides of the incident beam in such a way that zero recoil momentum of the heavy residual nucleus is allowed. A locus of events corresponding to a specific final state of the residual nucleus is selected, and the available kinetic energy is shared mainly between the two light outgoing particles. The cross section can be presented as a function of the energy of either the emerging proton, or α-particle.
In (p, pα) reactions it is well known that sequential decay [21] of α-particles as a result of inelastic excitations of the target nucleus interfere with the knockout component. The decay process becomes progressively conspicuous towards larger proton-emission angles, corresponding to smaller α-particle scattering angles. Typical examples [22] of the cross section distributions for the reaction 12 C(p, pα) 8 Be(g.s.) reaction, at an incident energy of 100 MeV, is shown in figure 6 . The plot is shown a function of α-particle kinetic energy, in other words the (p, αp)
13001-p.4 [22] for the 12 C(p, αp) 8 Be knockout reaction at an incident energy of 100 MeV at quasifree angle pairs as indicated in the figure. Results are shown as a function of α-particle kinetic energy. The curves represent distorted-wave impulse approximation (DWIA) [21, 25, 26] predictions for a pure knockout reaction mechanism [22] .
knockout data in figure 6 were derived from the (p, pα) results of Mabiala et al. [22] . Results are shown at α-particle scattering angles as listed in the figure. Figure 6 clearly displays yield in excess of the knockout contributions, which are shown as curves. Based on a number of independent criteria it is safe to assume that the DWIA correctly estimates the contribution of direct knockout [22] at each scattering angle pair.
Note that the contribution to the cross section in excess of the knockout yield becomes more prominent towards more forward scattering angles of the α. The yield also extends to higher α-particle kinetic energies as this scattering angle decreases.
It appears that the phenomenon observed for 12 C applies also to a heavier nucleus such as 40 Ca [23] at an incident energy of 100 MeV. It is also present at higher projectile energy [24] , which is much beyond the 200 MeV or so of interest to this investigation.
In inclusive (p, αx) reactions knockout of α-clusters, as seen in explicit coincidence experiment, should contribute. In addition, the sequential decay mechanism should be even more prominent than figure 6 suggests. The reason is that, due to the very small solid angle available to knockout kinematics compared to inelastic excitation, the relative contribution of knockout to the continuum yield is undoubtedly much lower than for sequential decay. One should keep in mind that the results shown in figure 6 were measured at angle pairs where knockout cross sections are at a maximum.
Summary and conclusion
It is known that in nucleon-induced reactions, in the incident energy range of 100 to 200 MeV, the intranuclear nucleon-nucleon cascade is a fundamental mechanism that drives the pre-equilibrium process. In theoretical predictions of inclusive reactions, the yield of composite ejectiles such as α-particles, generally appears to be underestimated when the emission energy drops to roughly half of the kinematically-allowed maximum. This phenomenon becomes increasingly more noticeable as the ejectile energy drops towards values approaching emission from the compound nucleus.
There are, of course, many alternative theoretical approaches to address the problem. For example, the observed deficiency may be resolved by postulating fragmentation of the target nucleus followed by emission from a fast moving source. However, such a process is normally associated with reactions at much higher incident nucleon energies, in the GeV range. Consequently it is not clear how such mechanism could extrapolate towards lower incident energies around 100 to 200 MeV.
A simple process, which is in principle also able to account for the observed effect, is the participation of sequential α-particle decay from inelastically excited states in the target nucleus. This type of reaction mechanism is very often encountered in (p, pα) investigations in the incident energy range currently of interest, where it merely serves to interfere with the knockout reaction of primary concern.
Consequently, sequential α-particle decay from lowlying inelastic excitations seems to be a serious contender as a source of yield in inclusive (p, α) reactions at low emission energies. Experiments need to be performed on the (p, pα) reaction for various target nuclei and for a range of kinematic conditions which are very far from the region of interest to knockout.
